The environment is thought to affect outcomes in patients with cancer; however, this relationship has not been proven directly. Recently, an enriched environment, as a model of a positive environment, has been shown to suppress tumor growth by lowering leptin production through a pathway involving the hypothalamus/sympathetic nerve/leptin axis. We previously reported that a fragrant environment (FE) containing α-pinene suppressed tumor growth in mice; however, the underlying mechanism has not been elucidated. Accordingly, in this study, we investigated changes in the neuroendocrine and immune systems following exposure to an FE. Mice were exposed to α-pinene (5 h/day) for 4 weeks prior to tumor implantation with murine melanoma cells and 3 weeks after transplantation. In addition to the evaluation of tumor growth, the blood, spleen, and hypothalamus were collected 3 weeks after transplantation, and neuroendocrinological and immunological parameters were measured. Tumor size was ~40% smaller in mice exposed to FE. Moreover, plasma noradrenaline concentrations, which reflected sympathetic nervous activity, tended to increase, and leptin levels were significantly decreased in FE-exposed mice. Levels of stress hormones, such as plasma corticosterone and adrenaline, did not change in the 2 groups. In the hypothalamus, brain-derived neurotrophic factor protein levels and glucose-1-phosphate concentrations were decreased in the FE group. Additionally, numbers of B cells, CD4 + T cells, CD8 + T cells, and natural killer cells increased in the FE-exposed mice. These neurohormonal and immunological changes in the FE-exposed mice suggested that the FE may activate the hypothalamus/sympathetic nerve/leptin axis and immune system, thereby retarding tumor growth.
Introduction
The influence of stressful factors on physiological and pathological processes has attracted much attention. Positive stress improves health, whereas negative stress is harmful to health and can promote cancer. Indeed, spiritual stress, depression, and social isolation stimulate cancer onset and progression. Conversely, individuals who have strong involvement with society tend to live longer. [1] [2] [3] [4] Housing in an enriched environment is a classic rodent model of positive stress. An enriched environment consisted of social interaction (14 mice in a large cage), stimulation of exploratory behavior with objects such as toys and a set of tunnels, and a running wheel for exercise. The complexity of the enriched environment influences brain structure and function 5, 6 and leads to changes in growth factor expression, enhancement of neurogenesis, and survival of cells within the central nervous system (CNS). 7, 8 In 845139I CTXXX10.1177/1534735419845139Integrative Cancer TherapiesKusuhara et al
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1 Shizuoka Cancer Center Research Institute, Shizuoka, Japan neuroscience, housing in an enriched environment has been reported to exhibit beneficial effects, including reduced anxiety levels, improved recovery from traumatic brain injury, and alleviation of various nerve disorders in animal models. 5 In patients with breast cancer, social interactions, such as engagement in activities outside of the home, were associated with lower overall mortality after a breast cancer diagnosis. 9, 10 However, it has been difficult to demonstrate these changes experimentally without any possible mechanisms to explain the observed effects.
Recently, Cao et al 11 reported that the growth of melanoma and colon cancer was suppressed in mice raised in an enriched environment. Subsequent studies have shown that this environment inhibits tumor growth in mouse models of breast cancer, 12 glioma, 13 and pancreatic cancer. 14 These studies have provided solid evidence demonstrating that stimuli inducing positive stress from an enriched environment have inhibitory effects on tumor growth. Cao et al 15 proposed that positive stress due to an enriched environment stimulates the hypothalamus, leading to activation of the sympathetic nervous system in the white adipose tissue, which in turn suppresses leptin release via β-adrenergic receptors. This marked drop in plasma leptin levels has antiproliferative effects in several types of cancers.
In addition to the hypothalamus/leptin pathway, an enriched environment also has beneficial effects on the immune system. Exposure to an enriched environment improves the activities of lymphocytes and natural killer (NK) cells. 16 Both T lymphocytes and NK cells function in defense against cancer, and the important role of NK cells in the eradication of tumors has been demonstrated in many clinical and experimental studies. 17 These findings suggested that immunological activation in an enriched environment may also explain tumor inhibition.
Fragrances can be provided as essential oils, which many people use in their houses and enjoy in daily life. The effects of fragrances on the body and mind have been studied extensively in recent years; indeed, fragrances can have various biological and psychological properties, resulting in reduced stress and enrichment of people's lives. 18, 19 Thus, an FE may result in reduced stress and inhibition of tumor growth. We previously demonstrated that inhalation of α-pinene, a major volatile organic compound found in the forest, inhibits tumor growth in mice. 20 This effect was not observed in cultured cells, suggesting that the inhibitory effects of α-pinene were not via a direct effect. However, the underlying mechanisms remain unclear.
Thus, in this study, we investigated whether neuroendocrinological and immunological changes mediated the observed inhibitory effects of the FE on the growth of cancer. Our findings provided important insights into the roles of FE with α-pinene in the hypothalamus/sympathetic nerve/leptin system and in the immune system.
Materials and Methods

FE Protocol
Four-week-old male C57BL/6 mice were purchased from CLEA Japan (Tokyo, Japan). All mice were housed and used for experiments in accordance with the standard ethical guidelines for the care and use of laboratory animals (Science Council of Japan; Guidelines for Proper Conduct of Animal Experiments, 2006), and this study was approved by the Animal Experiment Ethics Committee of Shizuoka Cancer Center.
The exposure protocol was described previously. 20 Briefly, a 90-L polyethylene bag (Shimojima, Tokyo, Japan) was filled with high-purity air (O 2 21 ± 0.5%; Toatsu Yamazaki, Tokyo, Japan) with or without (1R)-(+)-α-pinene (Tokyo Chemical Industry Co, Ltd, Tokyo, Japan). The estimated final concentration of α-pinene in the bag air was 180 ng/L. Mouse cages were transferred to an anesthesia chamber (60 L; Sanplatec Corporation, Osaka, Japan). Air in the anesthesia chamber was changed by attaching a bag to one outlet and removing all the air from the bag by suction with a DCI-NA flexible pump (Tech-jam, Osaka, Japan) via the outlet on the other side. After suctioning, we exchanged the empty bag for a new filled bag and then ventilated it by suction with a pump for 10 min/h. After 5 hours, the cages were removed from the anesthesia chamber and returned to standard laboratory conditions. C57BL/6 mice were randomized into 2 groups: one was exposed to an environment containing α-pinene for 5 h/day (n = 8), and the other was exposed to highly purified air (n = 8), beginning from 4 weeks before melanoma implantation until 21 days after implantation. After 4 weeks of treatment with inhalation of α-pinene or air, mice underwent subcutaneous implantation of a syngeneic melanoma cell line (B16F10 cells) into the flank (1 × 10 5 cells/mouse) and were then returned to their respective cages. Tumor dimensions were measured with calipers at 10, 14, 17, and 21 days after inoculation, and tumor volume was calculated by the formula used for an ellipsoid (volume = 1/2 × long diameter
2 ).
Harvesting of Plasma and Measurement of Hormone Levels
The mice in each group were anesthetized with isoflurane, and blood was then collected from the carotid artery. All blood harvesting started at 10:00 am. Plasma (n = 6 in each group) was assayed using the following commercially available assay kits: Leptin Assay Kit (Morinaga Institute of Biological Science, Inc, Yokohama, Japan), YK240 Corticosterone EIA (Yanaihara Institute Inc, Fujinomiya, Japan), and 2-CAT (A-N) Research ELISA (Labor Diagnostika Nord, Nordhorn, Germany).
Hypothalamic Brain-Derived Neurotrophic Factor (BDNF) Concentrations
Hypothalamic tissues were dissected on the day of sacrifice. Tissues were immediately frozen with liquid nitrogen and stored at −80°C before use. We used one hypothalamic tissue for BDNF assays and the other for metabolomic analysis (n = 6 in each group).
For BDNF assays, hypothalamic tissues were homogenized in lysis buffer (20 mM Tris-Cl, 137 mM NaCl, 15 NP40, 10% glycerol, 0.5 mM Na 3 VO 4 , and protease inhibitor cocktail). The extracts were acidified by dilution at 1:5 in Dulbecco's phosphate-buffered saline to approximately pH 2.6 and then neutralized to pH 7.6. BDNF concentrations in the extracts were determined using a BDNF E max ImmunoAssay System (Promega, Madison, WI) according to the methods described in the manufacturer's manual.
Metabolomic Analysis of Hypothalamus Tissue
Tissue extractions and metabolomic analysis were performed as described previously. 21, 22 Briefly, tissues were completely disrupted with a mortar at 4°C. After the addition of 750 µL methanol containing internal standards (10 µM each of methionine sulfone and 2-[N-morpholino]-ethanesulfonic acid), the disrupted samples were sonicated for 30 seconds, mixed with Milli-Q water and chloroform at a volume ratio of 5:2:5, and centrifuged at 5000 × g for 5 minutes at 4°C The aqueous solutions were then centrifugally filtered through a 5-kDa cutoff filter (Millipore, Billerica, MA) to remove proteins. The filtrate was centrifugally concentrated, dissolved in 25 µL Milli-Q water, and immediately subjected to capillary electrophoresis-time-offlight mass spectrometry (CE-TOFMS) analysis. All CE-TOFMS experiments were performed using an Agilent CE Capillary Electrophoresis System equipped with an Agilent 6224 TOFMS, an Agilent 1200 isocratic HPLC pump, an Agilent G1603 CE-MS adapter kit, and an Agilent G1607 CE-electrospray ionization-MS sprayer kit (Agilent Technologies, Santa Clara, CA). For system control and data acquisition, we used Agilent G2201AA ChemStation software for CE and MassHunter for TOFMS. Cationic and anionic metabolite analyses were performed with the HMT Metabolomics Solution Package (Human Metabolome Technologies, Inc, Yamagata, Japan) according to published methods. Briefly, the standard compounds were analyzed for confirmation of m/z values and migration time and then subjected to quantification. Raw data, which contained thousands of peaks, were processed using MasterHands software (Institute for Advanced Biosciences, Keio University, Yamagata, Japan) for the quantification of metabolites. The data processing flow consisted of the following steps: migration time alignment, peak detection, background subtraction, and integration of peak area from a 0.02 m/z-wide slice of the electropherogram. All target metabolites were identified by matching their m/z values and migration times with those of the standard compounds. In total, 113 compounds were annotated and quantified. For each sample, the measured metabolite concentrations were normalized to the sample weight.
Phenotypic Analysis of Immune Cells
Phenotypic analysis of immune cells (n = 7-8 in each group) was performed by flow cytometry using a previously described method. 23 Briefly, splenocyte suspensions were prepared from spleens of C57/BL6 mice subjected to the previously mentioned tumor growth test. Splenocytes were pre-incubated with Mouse BD Fc Block (BD Biosciences, San Jose, CA) for 5 minutes to reduce Fc receptor-mediated binding by antibodies of interest. Cells were then incubated with fluorescent monoclonal antibodies or isotype control antibodies for 15 minutes at 4°C, washed with phosphatebuffered saline containing 0.5% bovine serum albumin and 0.01% sodium azide, and analyzed using a BD Accuri C6 flow cytometer (BD Biosciences). Fluorescently labeled antibodies against mouse molecules were purchased from BD Biosciences. For NK cell analysis, fluorescein isothiocyanate-conjugated anti-CD49b (DX5) and phycoerythrin (PE)-conjugated anti-CD3 (17A2) antibodies were used. To detect T cells, FITC-conjugated anti-CD3 (17A2) and PE-conjugated anti-CD4 (RM4-5) or -CD8 (53-6.7) antibodies were used.
Statistical Analysis
The data in the figures are presented as mean ± standard deviations. The significance of differences between groups was compared by Tukey tests or analysis of variance. The differences were considered statistically significant when the P values were less than .05.
Results
An FE With α-Pinene Reduced Tumor Growth
To investigate neuroendocrinological and immunological changes involved in FE-induced tumor inhibition, we first reconfirmed the reduction in B16 melanoma growth. Briefly, C57BL/6 mice were randomized to spend 5 h/day either in an FE with α-pinene or a pure air environment. After 4 weeks in FE with α-pinene or in pure air, both groups of mice received a subcutaneous injection of B16 melanoma cells (10 5 cells/mouse), and the tumor size in each mouse was then measured at specified intervals. The growth curves showed that the rate of tumor growth was significantly delayed in FE-housed mice compared with that in control mice. At 21 days after inoculation, the mean tumor volume for the FE-housed mice was about 40% lower than that of control mice (2734 ± 1094 vs 4450 ± 971 mm 3 , respectively; P < .05; Figure 1 ). However, body weight was not different between the 2 groups (FE = 30.68 ± 2.39 g vs control = 30.86 ± 2.53 g). These results were similar to those in previous reports. 20 
Neuroendocrinological Examination
In an enriched environment, the hypothalamus/sympathetic nerve/leptin pathway is thought to be important for mediating tumor-suppressive effects. 11 The plasma concentrations of noradrenaline, reflecting the activity of the sympathetic nervous system, tended to increase, although this increase was not significant (Figure 2A ). Plasma leptin levels have also been shown to decrease in an enriched environment with body weight loss. 11 In the present study, plasma leptin levels in the FE group were markedly reduced to about 50% that of controls (P < .05; Figure 2B ), although body weights did not differ between the 2 groups.
In contrast, neither corticosterone nor adrenaline, which are both secreted from the adrenal glands in the presence of strong stress, differed between the 2 groups ( Figure 2C and  D) . These results showed that the neuroendocrinological changes in the FE were similar to those previously reported for an enriched environment.
BDNF Measurement and Metabolomic Analysis of Hypothalamus Tissue
The hypothalamus plays an important role in the various effects of an enriched environment, and expression of BDNF mRNA in the hypothalamus is elevated in an enriched environment. In this study, we measured BDNF protein levels in the hypothalamus and found a marked reduction in expression in FE-exposed mice to about 30% that of control mice (FE = 0.29 ± 0.07 vs control = 1.00 ± 0.38 pg/mg tissue; P < .05; Figure 3A) .
In the metabolomic analysis of the hypothalamus by CE-TOFMS, 91 metabolites were detected, and the concentrations were determined. Of these, glucose-1-phosphate (G1P) was significantly changed between the 2 groups (P < .05; Figure 3B , Supplemental Material Table 1 , available online). The decrease in G1P concentration in the hypothalamus from FE mice indicated a decrease in stored sugar in the tissue, suggesting that the activity of the hypothalamus was higher in FE-exposed mice than in control mice.
Immunological Examinations
Another mechanism of resistance to tumor growth from an enriched environment is the effect of the immune system. An enriched environment has been reported to elevate the activity of NK cells and CD8 + T cells, which have important roles in tumor immunity. 16, 17 In addition, walking in a forest, which is an environment in which we are fully exposed to α-pinene, increases the activity of NK cells in humans. 24, 25 Therefore, we analyzed the immunological parameters of spleen cells at 21 days by flow cytometry.
Spleen weights, total numbers of splenocytes, and the proportions of each cell subtype did not change under FE conditions (Supplemental Material Tables 2 and 3) . However, the absolute numbers of various types of immune cells were elevated. For example, counts of B cells ( Figure  4A ), CD4 + T cells ( Figure 4B ), CD8 + T cells ( Figure 4C ), and NK cells ( Figure 4D ) were significantly increased in FE-housed mice compared with those in control mice (P < .05). These results suggested that an FE had beneficial effects on immunological responses to cancer cells consistent with cancer regression.
Discussion
Positive stress is known to be beneficial to human health, including not only the psychological state but also physical condition. Recently, several studies have reported that animals housed under enriched environment conditions, an animal model of positive stress, show a tumor-resistant phenotype. [11] [12] [13] [14] 16 We previously reported the inhibitory effects of an FE with α-pinene on tumor growth. 20 In this study, we examined neuroendocrinological and immunological changes in mice under an FE in order to evaluate the mechanisms through which the FE inhibits tumor growth. We found that the FE decreased plasma leptin levels and increased the numbers of B cells, CD4 + T cells, CD8 + T cells, and NK cells, accompanying a significant reduction in cancer burden. Moreover, we found that these changes were mediated by activation of the hypothalamus/sympathetic nervous system. These results Figure 1 . A fragrant environment (FE) reduced tumor growth. C57BL/6 mice were randomized into 2 groups: one was exposed to an environment containing α-pinene (180 ng/L in air) for 5 h/day (FE), and the other was exposed to a room containing pure air from 4 weeks prior to until 21 days after melanoma implantation. The tumor volume was measured at 7, 10, 14, 17, and 21 days after inoculation (n = 8 in each group, *P < .05).
indicated that the effects of the FE were similar to those of an enriched environment, expanding on the work of Cao et al and suggesting that positive stress tends to produce similar effects, regardless of the type of environment. Hypothalamic BDNF levels were determined by ELISA (n = 6 in each group, *P < .05). (B) Hypothalamic glucose-1-phosphate concentrations. Hypothalamic metabolite levels were determined by CE-TOFMS (n = 6 in each group, *P < .05).
Cao et al 11, 15 reported that exposure to an enriched environment induces increased expression of BDNF in the hypothalamus, which activates the sympathetic nervous system, resulting in the production of noradrenaline and increased β-adrenergic receptors in white adipose tissue, thereby suppressing leptin expression. Here, we demonstrated that exposure to FE also induced activation of the hypothalamus/sympathetic nervous system and suppressed plasma leptin levels similar to that reported in mice housed in enriched environments, although we detected a decrease rather than an increase in BDNF. However, despite the observed decreases in leptin levels, body weights were not changed in our experiments. Cao et al also reported that running induces body weight loss, but does not decrease leptin levels and has no inhibitory effects on tumor growth. Thus, these findings suggested that weight loss and reduced leptin levels were not directly related. In our FE model, no weight loss was observed because the physical exercise level was low, despite stimulation of the hypothalamus.
The hypothalamus is an important CNS organ related to various sensations caused by odor. Odorant substances are low-molecular-weight organic compounds having molecular weights of about 300 Da or less. After entry into the nasal mucosa, odorant substances bind to olfactory receptors expressed in the olfactory nerve and electrically excite olfactory nerve cells. The electric signals generated in olfactory nerve cells following odor stimulation are transmitted to the olfactory bulb, which is the primary olfactory center. Thereafter, a signal is delivered to the secondary nerve and transmitted to brain regions, such as the anterior olfactory nucleus, olfactory tubercle, entorhinal cortex, piriform cortex, and amygdala. Signal inputs to the amygdala are then transmitted to the hypothalamus and are involved in emotion by odor through the neuroendocrine and autonomic nervous systems. 26, 27 Therefore, it is reasonable to speculate that the FE with α-pinene activated the hypothalamus in our model. This was also supported by our metabolomic data from the hypothalamus, in which the concentrations of G1P in the hypothalamus were decreased in FE-housed mice compared with those in control mice. G1P is an important carbohydrate intermediate in glucose metabolism and storage. Increased neuronal activity induced by sensory stimulation is associated with a decrease in glycogen levels in activated areas, demonstrating tight coupling between neuronal activity and glycogen mobilization. 28, 29 Decreased G1P levels in the hypothalamus in FE-exposed mice suggested hypothalamic activation and glycogen consumption. Leptin may be involved in reduction of G1P levels. Leptin also has major effects on glucose metabolism at both the systemic and cellular levels. 30 At the cellular level, leptin enhances glucose uptake through GLUT1. 31, 32 In this study, a reduction in plasma leptin levels was observed. The reduction in leptin levels may have inhibited glucose uptake into cells and increased glycogenolysis.
BDNF is a member of the neurotrophin family of secreted proteins and plays an important role in neuronal growth and differentiation, thereby facilitating synaptic plasticity in the CNS 33 and autonomic nervous system. 34 Because BDGF gene expression is tightly regulated by epigenetic control in an activity-dependent and cell type-specific manner, BDGF is expected to be a key molecule in gene-environment interaction research. 33 An enriched environment induces BDNF mRNA expression in the hypothalamus. Additionally, overexpression of BDNF in the hypothalamus mimics the tumor-suppressing effects of an enriched environment. 11 However, BDNF protein levels were reduced in our model. Tissue content of protein is determined by a balance between production and release. Indeed, previous studies have reported that the expression patterns of BDNF mRNA and protein differ in glioblastoma cells, depending on the type and duration of stimulation. 35 The discrepancy between BDNF mRNA and protein levels may be due to different environments used for enrichment and fragrance. Future studies will be necessary to elucidate the neurobiology of BDNF in the hypothalamus.
Recent studies have recognized the importance of cancer immunity due to the clinical introduction of immune checkpoint inhibitors. 17, 36 In particular, NK cells 37 and CD8 + T cells 38 are believed to play central roles in tumor immunity. However, the involvement of immunity in the induction of tumor resistance by an enriched environment is unclear. Cao et al argued that the involvement of immunity in the antitumor effects of an enriched environment is minimal because the activities of NK cells and CD8 + T cells are enhanced, even by simple exercise, and are unrelated to tumor resistance. 11 However, in other reports, immunity has been reported to have a higher impact on tumor resistance than leptin. 16 In our model of the FE, the numbers of NK cells and CD8 + T cells were increased as the concentration of leptin decreased. We only measured the numbers of immune cells in the spleen and did not assess intratumoral immune cell function or infiltration. From our experiments, we could not determine whether leptin or immunity was most important. In addition, the number of B cells was also increased under FE conditions. Although knowledge of the function of B cells in infection defense and autoimmune diseases has accumulated, the roles of B cells in tumor immunity are still unknown. 39 There is no clear evidence demonstrating that antitumor antibodies naturally produced in vivo against tumors act as immune surveillance mechanisms. Drugs based on antibodies secreted by B cells can be used for the treatment of various tumors and have demonstrated remarkable results. 40 In contrast, B cells are often harmful to the human body and act by suppressing tumor immunity 41 and activating cancer cell proliferation. 42 Further experiments are needed to clarify the importance of tumor immunity in the FE. The possibility of a systemic effect of α-pinene should be considered. In our previous study, we showed that α-pinene had no direct inhibitory effect on tumor growth in vitro. 20 Alternatively, the fragrance may have a direct effect on immune cells. Olfactory receptors are expressed by immune cells, such as polynuclear cells, T cells, and B cells. 43 Only class I olfactory receptors, and not class II receptors, are expressed on immune cells. Class I olfactory receptors mainly bind to water-soluble ligands, whereas class II receptors bind to volatile ligands. The volatile compound α-pinene is thought to bind to class II receptors. Therefore, it appears unlikely that α-pinene would directly act on and affect immune cells.
Pleasant odors are positive stresses; however, unpleasant scents can become negative stresses. α-Pinene is a major component of wood scent, which is generally detected in the air of coniferous forests. 44 It is unknown whether the scent of α-pinene is attractive or aversive to mice. However, α-pinene has been reported to have sedative effects in rats, suggesting that α-pinene is at least not an unpleasant odor to rats. 45, 46 In humans, direct exposure to α-pinene or fragrances that contained α-pinene decreased the early component of contingent negative variation, an index of sedative state, 47 and increased the numbers of CD8 + cells and NK cells. 48 However, no reports have described the effects of α-pinene on leptin.
Several limitations of the study should be discussed. First, we evaluated the effects of α-pinene in only one murine cancer model. To generalize our findings, it will be necessary to test other types of cancer models or spontaneous tumorigenesis models. The model we used in this experiment was exactly the same mouse strain and cell line as the model used by Cao et al 11 in the enriched environment experiment. Additionally, the neuroendocrinological and immunological changes induced by the FE were similar to those in an enriched environment, suggesting that the effects of the FE on tumor suppression may also be applicable to other models. Second, we have examined only α-pinene, one type of fragrance, and we did not assess the possible effects of other fragrances on tumor growth. There are many types of scents derived from wood and non-wood sources, such as flowers. Therefore, other compounds should also be tested. However, preferences for or aversion to fragrances may differ between humans and mice, and the effects of fragrance on mice should be carefully assessed when considering their application to humans. Recently, Lasarte-Cia et al 49 reported that some odors had immunostimulatory effects, whereas others had immunosuppressive effects. Furthermore, these immunomodulatory effects of odors varied between mouse strains. The authors reported that carvone, another terpene similar to α-pinene, was immunostimulatory in BALB/c female mice, but immunosuppressive in C57BL/6J female mice. Future studies will be necessary to elucidate the differences in the immunomodulatory effects of odors, mouse strains, and sex.
Conclusion
In this study, we demonstrated for the first time that exposure to an FE decreased plasma leptin concentrations and increased immune cells with significant inhibition of cancer growth in mice. The effects of FE involved a different mechanism but may activate pathways similar to those observed for enriched environments, thereby inhibiting the progression of cancer. Our results provide an expanded mechanistic view of how fragrance may exert beneficial effects against cancer and establish new potential avenues for cancer prevention and treatment.
